Objective: This study was conducted to compare the cardiac output by using Electrical Cardiometry (EC), a noninvasive method of continuous cardiac output monitoring during cardiac surgery with pulmonary artery catheter (PAC) derived cardiac output. Design: Prospective observational clinical study. Setting: Cardiac surgery operating room of a tertiary care cardiac center. Participants: Twenty five patients undergoing coronary artery bypass surgery with cardiopulmonary bypass. Measurements and Main Results: A total of 150 double data of cardiac output were compared with Thermodilution Cardiac Output (TDCO) and Thoracic Electrical Bioimpedance (TEBCO). The TDCO value ranges from 1.8 -6.9 litre·min −1 with a mean of 4.39 ± 1.16 litre·min −1 and TEBCO ranges from 1.8 -7.1 litre·min −1 with a mean of 4.21 ± 1.16 litre·min −1 . The averaged Bland-Altman analysis for TDCO and TEBCO revealed that a mean bias was 0.18 and limit of agreement was −1.25 -0.89 litre·min −1 and the percentage error (PE) ranged from 22% -32%. The precision for the TDCO was measured to be ±16.2% and the precision for TEBCO was ±19.6%. Receiver Operating Characteristic (ROC) curve analysis between TDCO and TEBCO with a cutoff of 15% shows a sensitivity of 84% and specificity of 63 and area under ROC curve of 0.80. Mountain plot between TDCO and TEBCO shows that a median percentile is 0.25 and value of 97.5 percentile is 1.525.
Introduction
Assessment of the cardiac output (CO) is recommended during the initial evaluation of haemodynamically compromised patients, which often takes place in the operating room, emergency department or the intensive care unit (ICU) [1] [2] . The thermodilution method of deriving CO using a pulmonary artery catheter (PAC) is considered as the gold standard for measuring cardiac output [3] [4] . The invasive character of PAC derived CO and associated risks [5] - [7] have led to an increased interest in non invasive methods [8] to monitor cardiac output.
Electrical Cardiometry (EC) is a new monitor for non-invasive method of measuring continuous cardiac output monitoring based on measurement of thoracic electrical bioimpedance. Bioimpedance CO is based on the principle that cyclical increases in blood volume in the great vessels, as well as alignment of red blood cells in the thoracic aorta resulting from increased velocity, cause concomitant decreases in the electrical impedance in the chest. An alternating current of low amplitude is introduced and simultaneously sensed by electrodes placed around the neck, and laterally on the thorax to measure thoracic electrical bioimpedance. Changes in thoracic bioimpedance are induced by ventilation and pulsatile blood flow, and processing of the signal results in a characteristic impedence (Z) waveform. For measurement of Stroke volume (SV), only the cardiac-induced pulsatile component of the total change in electrical impedance is analyzed (dZ/dt), as the respiratory component is filtered out. EC interprets the maximum change in thoracic electrical bioimpedance as the ohmic equivalent of the mean aortic blood flow acceleration and further transforms it into an equivalent of mean aortic blood flow velocity.
Electrical Cardiometry (EC) is often confused with the traditional bioimpedance technology most commonly known as impedance cardiography (ICG). Though both methods use sensors placed on the thorax, traditional bioimpedance or ICG methods rely on the assumption of periodical volumetric changes in the aorta to determine SV and cardiac output (CO). In short, ICG attributes the steep increase in the conductivity waveform (dZ) to a volumetric expansion of the aorta during systole, while EC contributes the increase in conductivity to the orientation change of the RBCs to determine the velocity of the blood flow. Thus, the algorithm and evident accuracy of EC compared to ICG is what separates the two methods. EC method may be used for measuring cardiac output in a wide spectrum of diseases and patient populations including neonates and children, while ICG is limited to relatively healthy adults.
Cardiac output measurement using EC has been studied in post operative period especially in ICU. Very few studies have been conducted for monitoring CO using EC in open chest cardiac surgery. Hence, in this study we compared the EC with the routinely established method of TDCO by PAC during coronary artery bypass grafting (CABG) using cardio pulmonary bypass (CPB).
Materials and Methods

Patients & Clinical Procedures
After institutional ethics committee approval and obtaining written informed consent, 25 adult patients with New York Heart Association (NYHA) classification I/II scheduled for elective CABG with CPB were selected for the study. Exclusion criteria were preoperative cardiac arrhythmias, a permanent pacemaker, left ventricular dysfunction (ejection fraction (EF ≤ 40%), Left Bundle branch block (LBBB), the need for mechanical cardiac support, peripheral vascular disease, valvular dysfunction, intra cardiac shunts, right atrial or right ventricular mass, atrial septal defect/ventricular septal defect, pre existing atrial fibrillation, preoperative inotropic medica-tions, mechanical ventilation and IABP and coagulopathies. Premedication consisted of intramuscular 0.1 mg/kg morphine and 0.5 mg/kg promethazine. After applying pulse oximeter and five lead EKG, venous access was established and right radial artery cannulation was done after infiltration of local anesthetic. Induction of anaesthesia was performed with thiopentone 4 mg/kg, fentanyl 3 ug/kg and rocuronium 1 mg/kg. After intubation of the trachea, the lungs were ventilated with 50% oxygen in air. The ventilator rate was adjusted to maintain an end tidal carbon dioxide of 35 -40 mm Hg. A balloon tipped, flow-directed PAC (7.5F, Edwards, Irvine, CA) was placed via the right internal jugular vein up to the wedge position and the correct position was confirmed by pressure tracings. The PAC was connected to Philips IntelliVue monitor. The Electrical cardiometry monitor was set up by applying four surface sensors first: approx 5 cm above left base of the neck, second on the left base of neck, third on the lower left thorax at level of xiphoid and the fourth one on the lower left thorax approx 5 cms below the 3rd electrode at the level of anterior axillary line. Electrical cardiometry monitor (Electrical Cardiometry monitor, ICON Cardiotronics, Inc., La Jolla, CA 92307; Osypka Medical GmbH, Berlin, Germany) was connected to the sensor cable and the patient data were fed.
Data Recording
The double Cardiac output data were obtained, one from electric cardiometry site and second from the PAC at same point of time and at six predefined time intervals: (1) T1, 10 min after anesthetic induction when arterial cannula and PAC were in situ and electric cardiometry electrode had been placed (2) T2, 10 min after skin incision (3) T3, 10 min after sternotomy, (4) T4, before going to CPB (5) T5, 10 min after sternal closure (6) T6, after skin closure. The thermodilution CO measurements with the PAC were performed with injections of 10 ml of ice-cold 0.9% saline. The average of three readings was taken. None of the measurements were recorded during a hemodynamically unstable phase, during arrhythmias or directly after vasopressor bolus or modification. The results were analyzed in a comparison of cardiac outputs at the six time points between Electrical Cardiometry and thermodilution technique.
Statistical Analysis
Statistical analysis was performed using the method described by Bland and Altman [9] . Bias was defined as the mean difference between cardiac outputs derived from two sites or methods. Limits of agreement were calculated arbitrarily as ±1.96 SD of the bias. The percentage error (1.96 SD/mean CO) was calculated according to Critchley and Critchley [10] for comparison of CO values. The precision of the reference PAC derived CO was measured within the study according to Cecconi et al. [11] Data are given as mean and the 95% confidence interval of the mean or the SD as appropriate. Accuracy of the noninvasive devices was defined as the agreement between thermodilution cardiac output (TD-CO) and FEMCO assessed measurements using the method of Bland and Altman.
We used ROC analysis to better illustrate the trending capability of TEBCO. The change in TEBCO needed to predict an acute change in CO larger than 15% of TDCO was tested. The Sensitivity and specificity of cutoff value to predict change in TDCO was used to create a Receiver Characteristic curves analysis with a cutoff value of 15% [12] .
To test the inter-changeability of the technique, mountain plot tool was used as complementary to Bland and Altman method is used [13] . A P value < 0.05 was considered significant.
Results
The 25 patients included in the study, at the 6 time point interval generated 300 data of cardiac output in total for analysis. The demographic data of the patients are listed in Table 1 . The hemodynamic data over the different time intervals is given in Table 2 .
A total of 300 data of cardiac output data were compared with TDCO and TEBCO. The TDCO value range from 1.8 -6. . The averaged Bland-Altman analysis for TDCO and TEBCO (Figure 1 ) revealed a mean bias of 0.18 and limits of agreement were −1.25 -0.89 L·min −1 and the percentage error (PE) ranges from 22% -32%. The precision for the TDCO was measured to be ±16.2% and the precision for TEBCO was ±19.6%.
It is desirable for TEBCO to be both highly sensitive and highly specific for acute changes in CO. A 15% change of TEBCO values were examined and the sensitivity and specificity of these values to detect an acute change in TDCO was calculated and plotted (Figure 2) . The overall performance of a device can be described by the area under the ROC curve, the larger the area, the better the performance. Mountain plot between TDCO and TEBCO (Figure 3) shows a median percentile of 0.25 and value of 97.5 percentile is 1.525. Receiver operator characteristic curve demonstrating the ability of TEBCO to detect 15% change in TDCO, yield 84% sensitive and 63% specificity for TEBCO in identifying an acute change in CO.
Discussion
In the present study, two different methods for cardiac output measurement were compared to see the efficiency of new transthoracic bioimpedence device. The results of the present study indicate that the device yields numerically comparable results to cardiac outputs from the PAC during cardiac surgery.
In a meta-analysis of studies using bias and precision statistics to compare CO measurement techniques, Critchley and colleagues [10] reported an overall mean CO of 4.86 L·min −1 from the 23 bioimpedance studies. The bioimpedance method was compared with thermodilution, dye dilution or the Fick method which was used mainly in children. The overall bias from these studies was 0.6 L·min −1 , and the overall limits of agreement were ±1.76 L·min −1 . The percentage error for studies using the bioimpedance method was 37%. The authors provided criteria which allowed quantification of acceptable limits of agreement between two CO measurement techniques. They assumed an inherent error of ±20% for measurement of physiological variables such as CO. For example, the error in the thermodilution technique was proved to be 22% for single measurements [14] [15] . By combining the errors of both the test and the reference method using an errorgram, Critchley and colleagues demonstrated that a mean percentage error of approximately 30% between two different methods is clinically acceptable if the inherent errors in both techniques are similar to the expected error in thermodilution CO measurements. Thus, according to objective criteria, the agreement between TEBCO and TDCO, which was assessed in the present study, can be judged as acceptable, and these two techniques can be used interchangeably.
The CO measured from two sites at same point of time demonstrated increase in mean CO at post CPB as compared to the pre CPB period. This difference could be due to vasodilatation seen after bypass which leads to increase in cardiac output in relation to a low systemic vascular resistance. The bias between TEBCO and TDCO was small, the limits of agreement were narrow and the percentage error was within acceptable limits are comparable at pre and post CPB which shows that all three monitoring device are comparable during different time of cardiac surgery.
Comparing TEBCO with TDCO During transition from T-1 period to T-2 period when sternotomy was done, the analysis shows that the bias between TEBCO and TDCO was small, the limits of agreement were narrow and the percentage error was within acceptable limits are comparable. The percentage error of TEB (T-1) when the chest was closed is 30% and at T-2 when chest was open is 32% which demonstrate that sternotomy had little or no effect on the cardiac output reading which remain consistently same and comparable with that of TDCO [16] . Our results are similar from those reported by Sageman et al. [17] , Gujjar et al. [18] , Suttner et al. [19] , and Chakravarthy et al. [20] , who found TEB technology accurate and interchangeable with TD in post cardiac surgical patients.
Sharma et al. [21] measured CO with NICOMON based on transthoracic electrical bioimpedance and compared it with thermodilution method in patients after off pump coronary artery bypass graft surgery and the effect of ventilation(mechanical and spontaneous) on CO. They conclude a fair correlation between TD CO and TEB CO measurement among post-OPCAB patients during controlled ventilation. However correlation was weak in spontaneously breathing patients.
The technique of cardiac accelerometry may be sensitive to the placement of the electrodes on the body, variations in patient body size, and other physical factors that impact on electric conductivity between the electrodes and the skin (e.g., temperature and humidity) [22] [23] .
The TDCO require catheterization of internal jugular vein. This has the risk of hemorrhage, hematoma formation, infection, vascular injury, nerve injury and thromboembolism [24] - [27] . On the other hand the new monitor for measuring cardiac output by Electrical cardiometry monitor is totally non invasive in nature, easy to use, continuous measurement of parameters, can be used in neonates, children and adults, no preparation of patient, no side effect or complication, work in patient with AF, arrhythmia, pacing and not associated with any complication. The disadvantage associated with electric cardiometry was that the parameters are not available during electrical interference (electric cautery).
Conclusion
In conclusion we found a fair correlation between cardiac output measurement by noninvasive method with electric cardiometry and invasive gold standard method with thermodilution derived pulmonary artery catheter. Electric cardiometry can provide cardiac output evaluation with clinically acceptable accuracy. Therefore, electrical cardiometry can be used to evaluate haemodynamic variables in cardiac surgical patients, when invasive methods are to be avoided or not available.
Limitations
The present study had enrolled small numbers of patients. The postoperative ICU data were not analyzed. Less number of Female patients, so chance of gender bias.
